). Caspase-3 immunohistochemistry, cupric silver staining, and electron microscopy techniques were used to examine Mg-treated brains for neurotoxic effects. Results: Qualitative evaluation using cupric silver staining revealed widespread damage throughout the brain in P7 animals. Results of electron microscopy confirmed that the cell death process was apoptotic in nature. Quantitative evaluation of damage to the cortex, caudate-putamen, hippocampus, thalamus, and cerebellum showed that Mg treatment caused significant brain damage in animals treated on P3 and P7, but not P14. Conclusions: Administration of high doses of Mg may be detrimental to the fetal brain, particularly if exposure occurs during critical periods of neurodevelopment.
sial, it is estimated that over 150,000 women in the US receive tocolytic therapy at or before 34 weeks of gestation each year, with MgSO 4 used as a first line of treatment in the majority of cases [2] [3] [4] . In recent years, MgSO 4 has been studied extensively as a potential neuroprotectant to prevent or improve outcomes of brain injury resulting from perinatal hypoxia/ischemia such as encephalopathy, intraventricular hemorrhage, periventricular leucomalacia and cerebral palsy [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, it remains controversial whether MgSO 4 is safe [14, 15] or effective as a tocolytic [16] [17] [18] , or provides neuroprotection for premature at-risk neonates [19] [20] [21] [22] [23] [24] [25] [26] . Recent reviews evaluating the use of MgSO 4 for neuroprotection of the fetus or as a tocolytic in women at risk for preterm birth concluded that neuroprotective effects have not been established and MgSO 4 is ineffective at delaying or preventing preterm birth, and may actually increase neonatal morbidity and mortality [27] [28] [29] .
Magnesium (Mg) is second only to potassium in abundance as a cation in the human body, and it is an important factor in many cellular functions, including energy production, synaptic neurotransmission, and intracellular signaling. The basis for its use as a tocolytic is due to the observed effects of Mg in reducing myometrial contractility through extra-and intracellular mechanisms of action [30] [31] [32] [33] . Its most widely recognized and well studied role in the brain is in relation to the NMDA glutamate receptor ion channel where it performs a physiological blocking action that prevents ion flow through the channel under conditions of normal membrane polarization. Mg is therefore regarded as a modulator of neuronal excitability, and when administered as an exogenous agent it is presumed to suppress neuronal activity.
It has been shown that various drugs that inhibit neuronal activity, including NMDA antagonists, trigger widespread apoptotic neurodegeneration in the developing brain and cause long-term neurobehavioral deficits [34] [35] [36] [37] . The window of vulnerability to these agents coincides with the developmental period of synaptogenesis, also known as the brain growth spurt period, which in mice and rats occurs primarily from days 0 to 14 postnatally, but in humans extends from approximately midgestation to several years after birth [38] . In rodents, this critical period of neurodevelopment during postnatal days 0-14 roughly corresponds to the third trimester of human development [39] . The literature pertaining to exposure of the immature human brain to MgSO 4 has focused almost exclusively on whether it is therapeutically beneficial as an antenatal neuroprotectant for premature infants at risk of brain damage due to hypoxic/ischemic encephalopathy, intraventricular hemorrhage, periventricular leucomalacia and cerebral palsy. Neonates born with high serum Mg levels clear Mg very slowly, and therefore are exposed to Mg levels beyond the upper limit of the normal range for a prolonged period of time [40] .
There are no studies addressing whether exposure of the normal developing rodent brain to high concentrations of Mg might trigger neurodevelopmental apoptosis. Therefore, in the present study we administered a highdosage MgSO 4 treatment regimen to infant mice at three stages of development and determined whether this caused an abnormal increase in neuroapoptosis in the developing brain.
Materials and Methods

Animal Procedures and Drug Dosing
All animal care procedures were conducted in accordance with guidelines developed by the National Academy of Science and approved by the Washington University School of Medicine Animal Studies Committee. C57BL6 mice were used in all experiments (Harlan, Ind., USA). To control for litter variability, a litter matching approach was used. That is, to evaluate any given experimental condition, control and experimental pups were taken from the same litters, so that each experimental condition had its own group of littermate controls. From prior studies it is known that peak sensitivity to drug-induced developmental neuroapoptosis occurs in the postnatal day 3 (P3) to P7 period, but some neuronal groups remain sensitive until at least P14. Therefore, we administered MgSO 4 or saline to infant mice at P3, P7, or P14 and evaluated the brains 8-24 h later by histological methods that allow detection and quantification of apoptotic neurons. It has been reported [41] that MgSO 4 is sometimes administered to human obstetrics patients in doses that may exceed 50 g in a 24-hour period, which is in the range of 1 g/kg. To approximate this dosing regimen, we administered MgSO 4 by intraperitoneal injection to infant mice at a dose of 250 mg/kg at time zero and at 1, 2 and 3 h, for a total dose of 1 g/kg. Pups were excluded from the study if they appeared malnourished or if at the beginning of the experiment their stomach was not full of milk (as visualized through the relatively transparent abdominal wall). In addition to histological studies, separate groups of animals were used to monitor Mg blood levels on P7 and P14 following administration of MgSO 4 by the above-described dosing regimen.
Histology
Three histological methods were employed: DeOlmos cupric silver staining, activated caspase-3 (AC3) immunohistochemistry, and electron microscopy.
DeOlmos Silver Stain. This method faithfully stains neurons that are dead or dying, but it is not useful for distinguishing between apoptotic and nonapoptotic forms of cell death. Silver is taken up and retained by dying neurons, even after they have deteriorated into multiple small fragments. We used this stain for screening purposes to assess the pattern of cell death induced by MgSO 4 compared to the pattern that occurs spontaneously as a natural phenomenon in control animals. A total of eight coronal sections sampled from the olfactory bulb to the lower brain stem were used for this purpose. For this study, P7 mice (n = 4) treated with MgSO 4 or saline were deeply anesthetized and perfused with fixative (4% paraformaldehyde in tris buffer) 24 h following the first dose of MgSO 4 . This late time interval was used because it allows enough time for all neurons that die as a result of treatment to become impregnated with silver. It is ideal for detecting the pattern of cell death but not for counting dying neurons because at 24 h many of the dead neurons have disintegrated into small fragments that cannot be identified and counted as an intact cell body. Following perfusion fixation, the brains were removed from the skull and postfixed in the perfusate solution for 2 days, embedded in agar and cut on a vibratome into 70-m-thick sagittal sections, and then stained by the method of DeOlmos et al. [42] .
AC3 Immunohistochemical Staining. This is an excellent method for detecting neurons that are in early stages of apoptotic cell death. This method is selective for apoptosis in that in animal models in which both excitotoxic and apoptotic cell death occur, it only stains the neurons undergoing apoptosis [43] . Neurons in early stages of apoptosis have abundant AC3 distributed throughout their cell body and dendritic tree and they have not yet begun to decompose. Therefore, the entire neuron, including its dendritic arbor, is visualized by this method, making it the method of choice for counting the dying neurons. The ideal time interval for visualizing the majority of dying neurons by the AC3 method is 8 h following the first dose of MgSO 4 . Therefore, at 8 h animals treated with MgSO 4 or saline (n = 8) were anesthetized, perfused with fixative and their brains cut into serial sagittal vibratome sections. The sections were washed in 0.01 M PBS, quenched for 10 min in a solution of methanol containing 3% hydrogen peroxide, then incubated for 1 h in blocking solution (2% BSA/0.2% milk/0.1% triton X-100 in PBS), followed by incubation overnight in rabbit anti-active caspase-3 antiserum (D175, Cell Signaling Technology, Beverly, Mass., USA) diluted 1: 1,000 in blocking solution. Following incubation with D175 primary antibody, the sections were incubated for 1 h in secondary antibody (goat antirabbit 1: 200 in blocking solution), then reacted in the dark with ABC reagents (standard Vectastain ABC Elite Kit, Vector Labs, Burlingame, Calif., USA), followed by incubation for 15-20 min in VIP peroxidase substrate (Vector Labs). The sections were then mounted on gel-coated glass slides, dehydrated in graded alcohols, and cleared in xylene for evaluation by light microscopy. AC3-positive cell counts were conducted in five brain regions (cortex, caudate/putamen, thalamus, hippocampus, and cerebellum).
Electron Microscopy. We also examined the dying neurons by electron microscopy (EM) to confirm that they have ultrastructural and pathomorphological characteristics of neurons undergoing apoptosis. For EM analysis, P7 animals (n = 2) were treated with MgSO 4 . At 8 h post-treatment, the animals were anesthetized and the brains perfusion-fixed as described above except that the fixative solution was 1.5% glutaraldehyde and 1% paraformaldehyde in pyrophosphate buffer (pH = 7.4). Following postfixation for 2 days in the perfusate solution, the brains were sliced into 100-m-thick slabs, osmicated overnight (1% osmium tetroxide), dehydrated in graded ethanols, cleared in toluene, and embedded flat in araldite. Thin sections (1 m) were cut at selected rostrocaudal levels of the brain using glass knives (1/2 inch wide) and an MT-2B Sorval ultratome. Areas of special interest from a given block were then trimmed to a smaller size. Ultrathin sections were cut and suspended over a formvar coated slot grid (1 ! 2 mm opening), stained with uranyl acetate and lead citrate and viewed in a JEOL 100CX transmission electron microscope. Areas showing AC3-positive cells were scanned for neurons showing various stages of neurodegeneration to evaluate whether ultrastructural changes were consistent with those seen in apoptotic cell death.
Quantitative Cell Counts AC3 immunohistochemistry is a more sensitive method than the De Olmos silver stain for identifying apoptotic neuronal death in the developing brain, and identifies an early time point in the cell death process, when the neuron is still intact. This allows for visualization of the entire cell, including the nucleus, cell body, and dendritic tree, and a more precise identification of dying neurons for quantitative counts.
Separate groups of 16 pups (n = 8), randomly chosen from at least 4 litters, were treated with MgSO 4 or saline for histological evaluation of neuroapoptosis at ages P3, P7, and P14. At 8 h posttreatment, the animals were anesthetized, perfused with fixative and their brains cut into serial sagittal vibratome sections (70 m). Every 6th sagittal section was chosen for evaluation using unbiased, systematic random sampling according to stereological principles [44, 45] . This permitted sampling 6 to 10 sections from half of each brain depending on the area of interest and age. These sections were imaged and quantitatively evaluated with Stereo Investigator 7.0 (MicroBrightField, Inc., Colchester, Vt., USA) using Windows XP Pro operating system installed on a Dell PC connected to a Prior Optiscan motorized stage (ES103 XYZ system, Prior Scientific Inc., Rockland, Mass., USA) mounted on a Nikon Labophot-2 microscope. Stereo Investigator software was used to trace the boundaries of the brain regions of interest (cerebral cortex, hippocampus, caudate-putamen, thalamus, and cerebellum). The program was then used to measure, mark, and count neurons, and to calculate the area of each region.
To be included in the cell count, profiles needed to demonstrate a distinct soma with visible dendritic processes, or if no processes were evident, only those with a soma diameter 6 8 mm (at 20 ! ) were counted. The preliminary population estimator function of Stereo Investigator was used to mark and count each profile to ensure that no profile would be missed or counted twice. To obtain an estimate of the total number of AC3-positive profiles in the brain region of interest, regional counts from each section were summed and then divided by the total area counted. The density of AC3-positive neurons in each brain region for a given treatment condition was calculated using the following formula: (total number of positive cells/total area in m 2 ! 10 6 )/70 m ! 1,000 = total number of profiles per mm 3 . The counts were performed by an experienced histopathologist (C.C.) blind to the treatment condition.
Magnesium Levels
For determination of Mg levels, animals were treated (n = 6-8) with the same dosing regimen as in the histological studies. Levels were obtained in separate groups of P7 and P14 animals. After receiving the last dose of MgSO 4 or saline, animals were decapitated at either 30 or 90 min (4.5 and 6 h after receiving the first dose) and the trunk blood was immediately collected in a Microtainer serum separator tube (Becton Dickinson and Company, Franklin Lakes, N.J., USA). The samples were then centrifuged at 3,000 rpm for 30 min and analyzed on an Eastman-Kodak DT-60 analyzer (Eastman -Kodak, Rochester, N.Y., USA). The 4.5-hour time point was chosen to approximate peak blood levels. Mg is tightly regulated by the kidney and hypermagnesemia augments renal elimination, therefore, 6-hour values were obtained to confirm that levels were decreasing when treatment was terminated.
Imaging
Photomicrographs of the various histological techniques were obtained using a Qimage digital camera attached to a Nikon Labophot-2 microscope. Digital montages were created and processed with Surveyor 7.0 software (Objective Imaging, London, UK).
Statistical Analysis
Statistical analyses were conducted using Prism 4 (GraphPad Software Inc., San Diego, Calif., USA) installed on a Mac OS X operating system. Analysis of variance (ANOVA) models were used to analyze the data. All data are shown as Mean 8 SEM, with a probability value for significance of p ! 0.05. A priori planned comparisons were conducted where appropriate, with Bonferroni correction for multiple comparisons (probablility value for significance of p ! 0.01).
Results
Behavioral Observations
The MgSO 4 -treated animals began to demonstrate evidence of drug effect approximately 5-10 min after the initial dose. Although tone was difficult to assess, spontaneous movement in the treated animals was decreased compared to controls. Righting reflex remained intact but sluggish and all animals showed a robust response to tail pinch. The drug-induced effects waned by approximately 45-50 min and the effects did not seem to be additive with subsequent dosing. Treated animals showed no evidence of cardiorespiratory impairment compared to saline controls; observation of the pups was conducted every 30 min during the duration of the experiment, and it was noted at all observation points that their skin was pink with no discoloration, and they were not having any respiratory difficulty. The animals remained with their mother throughout the experiment and it was also noted that they were able to nurse without difficulty, and that their stomachs contained milk for the duration of the experiment. At the time of sacrifice (8 h), no differences in behavior were identified between the control and treated animals.
Neurodegenerative Effects
De Olmos cupric silver staining identified a large number of neurons that were degenerating 24 h after exposure to MgSO 4 . Although this method does not distinguish between apoptotic and non-apoptotic cell death, the neurons were in an advanced stage of degeneration, shrunken, and often subdivided into several small fragments, making it difficult to identify individual neurons. While the observed degeneration was widespread, specific brain regions and specific populations of neurons were affected. The largest amount of damage occurred in superficial and deep cortical layers, caudate-putamen, hippocampus, and thalamus ( fig. 1 ) . These results pro- vided the basis for the selection of brain regions to be evaluated using AC3 immunohistochemistry.
Activated Caspase-3 Immunohistochemistry
AC3 positivity was noted to occur in the same population of neurons identified as undergoing degeneration with the De Olmos technique ( fig. 2 ) . Sagittal sections demonstrated similar AC3 damage in the areas noted in the transverse sections as well as periventricuar/aqueductal areas of the lateral and third ventricles and in the cerebellum ( fig. 3 ).
Because differences in volume could confound the results for the quantitative cell counts/densities, ANOVAs were conducted to determine whether there were signif- icant differences in calculated brain volume between treatment groups for each age group. The results of 2 ! 5 (treatment by region) ANOVAs for the P3, P7, and P14 data showed that there were no significant differences between treatment groups in brain volume that could confound the cell density results (p = 0.50, 0.48, 0.36, respectively). Separate 2 ! 5 mixed-model ANOVAs (between treatment groups ! within brain regions) were conducted for each age group. If a main effect of Mg treatment was found, a priori planned comparisons were conducted between groups for each brain region. Mg treatment at P3 caused significant brain damage compared to normal apoptosis observed in saline controls [F (1,14) = 11.73; p = 0.004]. MgSO 4 -treated animals had increased cell death in the cortex, caudate-putamen, hippocampus, thalamus, and cerebellum compared to saline controls [F (1,14) = 11.62, 5.73, 12.24, 5.64, 10.95, respectively; fig. 4 a] .
The results were similar for P7 animals; MgSO 4 -treated animals displayed a greater number of neurons that were positive for AC3 compared to saline-treated controls [F (1,14) = 11.78; p = 0.004]. This treatment effect was found in the cortex, caudate-putamen, hippocampus, thalamus, and cerebellum [F (1,14) = 16.50, 7.21, 11.84, 10.55, 9.82 respectively; fig. 4 b] .
There was no overall significant main effect of treatment for P14 animals compared to saline controls [F (1,14) = 0.11; p = 0.74; fig 4 c ].
Magnesium Levels
As previously described, blood Mg levels were obtained 30 min after the last dose of MgSO 4 to approximate peak levels, and 2 h after the last dose to confirm appropriate renal elimination. Mean ( 8 SEM) Mg levels are presented in table 1 . In order to exclude any age-related differences in blood Mg levels, factorial ANOVAs were conducted to determine whether there were significant differences between treatment groups for each age group. The results of two 2 ! 2 (treatment by time) ANOVAs for the P7 and P14 animals showed that there was no significant difference between groups in blood Mg levels (p 1 0.05).
Although these levels are undoubtedly higher than would be expected in clinical obstetrics, levels as high as 4-8 mg/dl are considered therapeutic. Also, because it has been found that fetal Mg levels are higher than maternal levels, even in untreated fetal-neonates [46] , and that high serum levels persist due to slow clearance [40] , it can be expected that human fetal neonates exposed to prolonged use could have serum Mg levels at or above the upper limit of the therapeutic range. Typically, it is not until levels are greater than 15 mg/dl that muscle paralysis and respiratory failure can occur [47] .
Electron Microscopy
Apoptosis was originally defined using ultrastructural criteria, with EM histological evaluation as the standard method for determining whether the observed neurodegeneration is an apoptotic process [48] . EM was therefore performed to confirm ultrastructurally that the neurodegeneration was apoptotic in nature. Neurons from selected regions, identified as having dying neurons with the other histological techniques, were examined. Degenerating neurons were condensed and had clumped chromatin with fragmentation of the nuclear membrane, verifying apoptotic degeneration ( fig. 5 ). 
Discussion
In this study, we have administered MgSO 4 to infant mice at a postnatal developmental age corresponding to a critical period of synaptogenesis in the human fetalneonate, and determined that at P3 and P7 this triggered a significant increase in the rate of neuroapoptosis in several regions of the developing brain. It is well established that various NMDA antagonist drugs trigger developmental neuroapoptosis in the infant rodent brain, and that peak sensitivity to this effect is in the P3 to P7 period [49] . Mg is known to inhibit neuronal excitability by several mechanisms, most notably by blocking ion flow through the NMDA receptor channel. Thus, although other mechanisms may play a role, it seems likely that the neuroapoptogenic action demonstrated for Mg in the present study could be mediated by its action at NMDA receptors.
For many years, Mg has been a mainstay in the management of pre-eclampsia/eclampsia and preterm labor, and more recently has been under evaluation as a neuroprotectant in conditions such as perinatal asphyxia, hypoxic/ischemic encephalopathy, intraventricular hemorrhage and periventricular leucomalacia. In view of these many indications for which Mg is being used or considered for use without clear-cut evidence for its efficacy or safety, several multicenter clinical trials have recently been undertaken and/or are in the planning stages. In a study referred to as the Magnesium and Neurological Endpoints Trial (MagNET), 165 fetuses exposed either to Mg or to another tocolytic were evaluated for adverse outcomes. This trial was terminated after 15 months because of 10 deaths in the Mg-exposed group versus 1 death in the group not exposed to Mg [50, 51] . A more detailed analysis of the data from this study [41] revealed that infants having the highest blood levels of ionized Mg at birth had a significantly higher rate of intraventricular hemorrhage, and those exposed to a total Mg dose of 50 g or more had an increased risk of lenticulstriate vasculopathy (a rare mineralizing lesion in the thalamus and basal ganglia). In the Australian Collaborative Trial of Magnesium Sulphate (ACTO MgSO 4 ), Crowther et al. [52] evaluated the outcome of 1062 premature infants born at ^ 30 weeks gestation after receiving treatment with either MgSO 4 (4 g loading dose followed by intravenous infusion of 1 g/h for up to 24 h) or saline. For the primary outcomes of total mortality, cerebral palsy, and combined death or cerebral palsy no differences reached statistical significance. However, there was a statistically significant reduction in substantial motor dysfunction among survivors in the MgSO 4 group and the combined outcome of death or substantial motor dysfunction. Marret et al. [53] recently reported data from a French study (PREMAG trial) in which mothers at ! 33 wks gestation expected to deliver within 24 h were given either 4 g MgSO 4 or saline. There were 688 neonates evaluated for the primary endpoints of cerebral white matter injury or death with no differences between these outcomes reaching statistical significance. In a subsequent study evaluating the same patients at 2 years of age for secondary outcomes of death, motor dysfunction, cognitive dysfunction, and cerebral palsy both individually and in combination (eight total outcomes), three outcomes did reach statistical significance -the combination of (1) death and motor dysfunction, (2) death and motor and cognitive dysfunction, and (3) death and cerebral palsy and cognitive dysfunction [54] . The above findings suggest that doses of Mg in a very high range (50 g or more, which for a small woman would be 1 g/kg) may be associated with increased mortality and gross CNS injury, whereas at substantially lower doses, Mg may be associated with a slight improvement in acute neurological outcome. The dose of MgSO 4 used in the present study (1 g/kg administered over a 4-hour period) is comparable to the high doses in the MagNET study that were associated with gross CNS lesions and a high mortality rate. It is difficult to interpret human risk based on mouse data, because it is not possible with any precision to establish cross-species dose equivalencies. However, it is generally recognized, due to metabolic and other factors, that it usually requires a much higher drug dosage to produce a toxic effect in mice than in humans. Moreover, in our mouse study we examined the brains histologically for subtle neuropathological changes (apoptotic cell death), whereas the only outcome measures evaluated in the human studies were gross neuropathology or death. The dose threshold, in any species, for causing gross neuropathology or death is likely to be much higher than for causing subtle cell death by apoptosis, and the mechanisms underlying apoptotic cell death are different from those causing gross neuropathology or death. Therefore, even if lower doses reduce the incidence of death or cerebral palsy at 2 years of age, it is still possible that these same doses might trigger neuroapoptosis and subsequent neurocognitive disturbances in infants exposed to Mg but without any obvious neurologic disabilities at birth. At a minimum, long-term follow-up studies designed to detect neurocognitive disturbances in humans (particularly in exposed children that demonstrate grossly normal neurological development) would be required to help clarify this issue.
